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Section I 

Technical Report Summary 

This report discusses several aspects of the application of ultrashort 

TrlTn    att t   ,high/eSOlution ^^Z optical  radar. In the «ork reported 
herein attention has been concentrated on the extension of the principles 
involved in microvave synthetic aperture radar (SAR) to the optical region 
Significant acco .plishments during this period include the successful demon- 
stration of a laboratory scale synthetic aperture optical radar with two 
dimensional resolution, and the development of a novel scheme for ultrafast 
optical data processing involving frequency domain sampling. 

SAR systems make use of range-Doppler processing to achieve two- 
dimensional resolution of targets in situations where the target cannot be 

ITftZlli  -"T^10-1 -ans, i.e., where the target is smaller than the 
diffraction limited resolution of the transmitting and receiving aperture 
oAR Processing can be used whenever there is relative motion of the radar 
and the target  This motion can be due to motion of the radar as in airborne 

nLn tft°  * T  S' ^ t0 m0ti0n 0f the tarSet as in ra*- -tronomy of 
of the di/    S r'6" the m0ti0n " dUe t0 the Planeta^ '^KoZ   Most of the discussions here will be concerned with rotating targets. The reso- 
lution of a SAR system in the down range direction is detem n^d by the 

llllZTl       +
the^andWidth 0f the transmitted signal. In the case of a 

rotating target the cross range resolution is determined by the wavelength 
of the transmitted radiation and the coherent processing time. 

A simple and useful form of transmitted signal for a synthetic aperture 
radar system consists of a periodic train of coherent shor/pulL Z 

nToVdi"::^ t"01"' V^^ ^  —^ ^a involves the samp- 
ling of different time segments of the received signal to give the range 
resolution elements, and a spectral analysis of the received signal Jrom 

ange r^lSrel!0 TT*  ^ ^^^ * ^Pler  shifts within each 
rSefrin sol ^ if •+.

Mbre elab0rate f0nnS 0f the t—itted signal may 
resolution vil^Ti^T: ^ ^ t0m  0f Signa1' however' ^ ™B* resolution will be determined by the reciprocal of the signal bandwidth and 

n SflTll'b?:?7 ^ reCiprOCa\of ^  total signal duration aLl. ing xnat can all be coherently processed). 

woul/h6 Ch0iCe f v0 ^^  f0r a Practical synthetic aperture optical radar 
would be governed by many considerations including the available power thl 

a'd^r of ^^ "r1^1011 deSired^ the nat-e °f the transm s oTm^d I and the coherence and stability of the source  Under the present contract 

beef setup' T^IT^TT  0f a 3^thetiC apert-e ^ical ^^ been set up, it has successfully demonstrated two dimensional resolution of 
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a laioratory .arget and has produced a range-Doppler image of the target. In 

this experiment a continuously mode-locked Nd-YAG laser was .-ed. This laser 

produced a periodic train of ~ 100 psec duration pulses and t.lloved a range 

resolution of 1-2 cm  Further experiments are planned to in -estigate the ul- 
timate resolution capabilities of this system. 

In the laboratory scale synthetic aperture radar, the required time 

sampling was accomplished by heterodyning the received signal against a local 

oscillator that consisted of a time-shifted and frequency offset version of 

the transmitted pulse train. The distribution in range was determined by 

changing the relative arrival times of the signal pulses and the local oscil- 

lator pulses at the photo surface of the detector. In a more efficient sys- 

tem, p,-allel detectors, each with its appropriately delayed local oscillator, 

could be used to sample the range elements simultaneously rather than sequen- 

tially as was done in the demonstration. This would be a satisfactory system 

to obtain an image but it does not make optimum use of the received signal 

energy. An inefficiency results from the way that sampling is carried out 

aach of the detectors receives a fraction of the total received signal, to- 

gether with the local oscillator pulse. Only that portion of the received 

signal that is coincident in time with the local oscillator pulse is actually 

used. The remaining portion is absorbed in the detector (vhich is necessarily 
absorptive if it is to have a high quantum efficiency), and is wasted. To 

achieve N range resolution elements in such a system the received signal would 

have to be divided into N channels with consequent reduction in the signal 

level of each channel. The problem could be eliminated if a very fast and 

lossless optical modulator or beam deflector were available. A fast beam de- 

flector, for axample, could divert different time segments of the received 

signal to different detectors and no inefficiency would result. Such modulators 

however, are beyond the present state-of-the-art. Lossless sampling can in 

principle be achieved by using nonlinear optical effects such as sum frequency 

generation but such schemes are impractical at low signal levels. A considerable 

amount of attention was paid to this problem during the present contract period 

and a scheme has been devised to ove-come it. The solution to the problem 

lies in the observation that while it is impossible in Principle to sample a 

signal in time and to return the remainder for further processing using a linear 

electromagnetic device, it is easy to sample a portion of the frequency spectrum 

of the signal and to return the rest without loss. An interference filter or 

a Fabry-Perot etalon for example does precisely this. This observation leads 

to a scheme that should be useful not only for the processing of synthetic 

aperture radar data but for other ultrafast optical data processing problems 

as veil. In the simplest form of the system the received signal, having a 

large, bandwidth product, and a local oscillator signal consisting of a short 

duration pulse are combined with parallel wavefronts on a beam splitter  The 

composite signal is then analyzed by a bank of narrow band filters  The out 

put of each filter is square law detected and integrated over a time equal to 

the total duration of the received signal. A number of parallel outputs are 

1-2 
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thus  obtained.    Under the proper conditions,   it may be shown that these 
outputs  constitute a sampled version of the Fourier Transform of the original 
received signal.    If a sufficient number of samples are taken,  these completely 
characterize the received signal,  and the original amplitude and phase of sig- 
nal as a function of time can be reconstructed.    The time resolution of such 
a system is limited only by the duration of the local oscillator pulse,  assuming 
the proper choice of filters.    This  scheme is quite general and can be extended 
to cases vhere the local oscillator signal is more complicated than a simple 
short pulse.    The scheme discussed at greater length in the body of this re- 
port.     It is expected that a substantial portion of the future work on this 
contract would involve further analysis  of this system,   investigation of means 
for experimentally implementing the system,  experimental demonstration and 
application of the system to a laboratory synthetic aperture optical radar. 

As mentioned above, the range resolution of an SAR system is  determined 
by the reciprocal of the bandwidth of the signal (or the pulse duration for 
a train of transform limited pulses).     In 1963, E.  I.  Gorden and J.  D. Rigden 
proposed and analyzed a modulator consisting of a Fabry-Perot interferometer 
with an internal phase modulator that  is  driven at a frequency equal to the 
c/2L axial mode spacing frequency.    Such a modulator can act as an extremely 
fast,  repetitive optical shutter.     In effect, the very narrow passband of 
the Fabry-rerot is swept beck and forth at the modulation frequency.    If a 
cw signal is incident upon the interferometer a train of very short duration 
pulses will bo transmitted.    The seemingly contradictory result that the 
effective transmission can be varied in a time short compared to the energy 
storage time of the interferometer can be readily confirmed by a simple analysis. 
It is a result of the periodicity of the modulating signal.    Recently T.  Kobayashi, 
T.  Sueta,  Y. Cho and Y. Matsuo used such an interferometer as the output re- 
flector for a helium neon laser.    The modulator was driven at a frequency of 
1.314- GHz and produced a train of pulses of 21 psec duration and at a rate of 
2.68 x ICK pps.    This  is rather remarkable since the pulse duration is more 
than an order of magnitude shorter than the reciprocal of ^he available laser 
line width.    It is also possible, by adjusting the modulator parameters,  to 
achieve optimum coupling out of the laser.    Such a technique would be ideal to 
generate a signal for a synthetic aperture radar.    This technique appears cap- 
able of generating pulses that are much shorter than can be achieved by mode- 
looking,  and since the resolution of an SAR improves with decreasing pulse 
duration,  such pulses would be very useful     A modulator has been designed and 
fabricated for use with a YAG laser and initial tests are pxanned for the near 
future.    If this type of modulator is successful, it will be used to demonstrate 
improved range resoulution. 

1-3 
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SECTION II 

COHERENT IMAGING PROBLEMS 

Discussion of Principles 

The section briefly reviews some of the basic principles involved in a co- 
herent imaging radar (Refs. II-l and 2). 

In a conventional radar imaging system, the re-olution is determined by the 

diffraction limit of the system, which, with an aperture D and a wavelength X, is, 

A9 = X/B 

So that the resolution at a distance R is 

AX = \R/D 

The maximum size of the aperture is determined by scintillations and angle of 

arrival fluctuations in the visible and infrared regions of the spectrum and in 

addition, in the microwave region, by fabrication problems. In the visible region, 

the largest useable aperture is of the order of 10 cm. At 10.6 p, it is approxi- 

mately one meter. (The coherence area actually increases as\°/5 and depends on 

the state of turbulence of the atmosphere.  The value used here are quite optimistic, 

See, for example, Ref. II-3, pp 128-1^.) Microwave apertures of tens to hundreds 

of meters or larger have been successfully operated. In the visible and IR 

regions then, the minimum beam width is approximately 10"^ radians. Obtainable 
resolution is 

R (km) 

1 

10 

100 

200 

1000 

3 x icr 
5 x 105 

AX (meters) 

.01 

.1 

1 
2 

10 

300 

5 x 103 (moon) 

Setting aside considerations of det^ctabillty for the moment, obtaining an 

image of an object of a few meters in size at a distance of 100-500 km is on the 

fax edge of the capability of a conventional imaging system. Simpl- range gating 

United Olrcraft JJ.. 
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using short pulses of duration T can provide down-range resolution of the order of 

TC/2, independent of range. Nanosecond pulses can thus provide resolution of the 

order of 15 cm and shorter pulses correspondingly better resolution. If periodic 

trains of pulses can be processed coherently, then comparable or better cross 

range resolution on moving targets can be obtained from Doppler information. 

Cohererit synthetic aperture techniques can be used whenever there is relative 

motion between the radar and the target. Two cases are usually considered, the 

rotating body range-doppler imaging used in radar astronomy and the side-lookiny 

radar used for terrain mapping. Fig. Il-la shows the geometry for a rotating 

sphere and Fig. Il-lb for a rotating cylinder. Range gating provides resolution in 

the down range direction, and Doppler processing provides the resolution in the 

cross range direction. In the simple case of the rotating sphere, the contours of 

constant velocity are parallel to the axis of rotation as shown and together with 

the contours of constant range, provide a coordinate system on the target. The 
doppler shift is given by 

P my = p UiOx. 
c     "c 

Cüd 

where n is the rotation rate of the target, and x is distance from, the axis of 
rotation. 

The resolution in x will depend on how well we can resolve the doppler frequency, 
i.e.. 

Ax = 
SuQ 

ACJU 4r 

where Atu^ is the doppler frequency resolution limit. If we observe the target 
for a time T, then Aoi^ « 2TT/T and 

X     \ 
Ax = 

2nC      ^ 

where AB is the angle through which the target has turned during the observation 

time T. The cross range resolution can be very good at optical wavelengths. There 

is, of course, the problem of movement of features through the resolution elements 

during the observation time. There are techniques to handle this. We can estimate 

the magnitude of this effect. The x or cross range position of a given feature 

will change by 6x = RAG during the observation time, and If it is not to move out 
of a range resolution cell 

6x = R A 6 < Ax = sra- 

United aircraft 
Reseaich Laboratories 
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or 

A A Q A x< b x1 

So that if \ = 10 ti R = 10 meters 

A x2 > 

R \    < Axc 

2 

10"-5 . 10 

1    -2 
Ax > T- 10  meters 

i.e., as long as we do not try to resolve better than about 1 can., the motion 

of features through doppler resolution lines will not be a great problem. . 

IfA=i)j,} R = I meter then 

A x > — 

A x2 > -?-  10"^ meters 

and the resolution is better by a factor of 10. 

Application of synthetic aperture processing to side looking radars has been 

discussed in UARL Report L-920il79-36, Ref. II-1+. This repcrt discusses the 

power and energy requirements, the frequency resolution, signal to noise ratio and 

detection sensitivity for a synthetic aperture optical radar system. 

The b^sic problem involved in the processing of optical synthetic aperture 

radar data is indicated schematically in Fig. 11-2. This shows one possible type 

of transmitted signal although many other types could be used. The target is 

illuminated by a periodic sequence of transform limited short duration optical 

pulses as shown in Fig. II-2a. The return signal consists of a series of longer 

pulses as shown in Fig. Il-2b. In principle, this series of pulses could be hetero- 

dyned against a stable local oscillator having the same center frequency as the 

transmitted pulse train to give a signal as shown in Fig. II-2c. To produce an 

image, it is necessary to sample each range element in the signal and to spectrally 

analyze the history of the optical phase within the element to determine the dis- 

tribution of doppler shifts within the range element. The range and doppler 

United Aircraft 
Research Laboratories 
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distribution of the received signal caji then be used to provide a twordimensional 
image of the target since the range and doppler contains constitute a coordinate 
system on the target. 

The simple scheme discussed above cannot be used in practice.    To achieve 
resolution of 1.5 cm,  for example, would require an optical heterodyne detector with 
a time resolution of 100 psec together with electronics of comparable response 
time.    Electronic sajnpling circuits with this response time are not available. 

A possible way of processing the signal is illustrated in Fig. 11-3.    The 
incoming signal is split into a number of channels corresponding to the desired 
number of range resolution elements.    A local oscillator consisting of a train 
of short pulses  (aireplica of the transmitted signal with an offset frequency) is 
provided.    This signal is appropriately delayed for each range channel so that It 
arrives at the mixer coincident in time with the range element that it is desired 
to sample.    Since heterodyning will occur only when the local oscillator is present, 
this performs the necessary sampling.    The signal is then amplified at the IF 
frequency.    The resulting signal is cubject to a spectral analysis to determine 
the distribution of doppler shifts in the range element.    This la repeated for each 
range element in the received signal.    The output of this system thus contains all 
the information necessary to synthesize a range-doppler image of the target.    The 
detection sensitivity of such a system after the splitting of the original beam 
is excellent.    It is a heterodyne system and can be operated in the quantum noise 
limited region.    A fundamental inefficiency arises, however, due to the beam division. 
A scheme to avoid this has been devised and is discussed in Section III of this 
report.    A modified version of the scheme illustrated in Fig    II-3 is being used 
in imaging experimenxs . 

Preliminary Imaging Experimentb 

The ideal laser for the imaging system discussed above would be one that 
emitted a train of ultrashort pulses with highly reproducible characteristics. 
The pulses should have the shortest possible duration, possess uniform phase fronts 
too and be phase coherent from pulse to Julse. 

In an operational system the coherence of the local oscillator used for 
heterodyning must be maintained over the  -ound trip time of the signal from the 
target.    Provisions must be made to compensate for the potentially large doppler 
shift due to translation of a spinning target.    Finally,  sufficient power must be 
available to overcome the large propagation loss from a distant target, to ensure 
an adequate signal to noise ratio at the receiver.     In a laboratory simulation, 
the cohei-ence requirement may be easily met since propagation times are very small. 

United Olrcraft U  ( 
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Imaging of a purely rotating target eliminates the neefl for extremely large local 
oscillator offsets.    The power requirements, however,  are not reduced by the reduction 
in target range.    This arises because of the spatial coherence requirements imposed 
by the optical heterodyne detector.    If a distant target intercepts all of the 
power in the beam from the transmitter, and if tt scatters the power uniformly 
in angle, then the power received by the re.-eiver is just the solid angle subtended 
by the receiver aperture as viewed from the target.    In the case where the target 
is just resolved,  this will be of the order of 

^(j)=P0^ 
D2 

where d is the target diameter, D is the receiver aperture and R is the distance. 
In the case of a target at very close range, essentially all of the power scattered 
back toward the receiver can be intercepted by the receiving aperture.    Only a 
small fraction of this however is useful for the heterodyne detection.    The angular 
coherence interval for^power scattered from different point scatters on the target 
is approximately A9  = ^ .    The field of view of the receiver must be limited to 
this to avoid loss of signal.    Again assuming isotropic^scattering, the total 
useful received power is again of the order of Po  (\/d)'"/Un. 

The choice of wavelength for an Imaging radar is governed by a number of 
considerations, some of which are discussed in the previously referenced UARL 
Report L-920it79-36  (Ref.  11-k).    It is generally advantageous to go to a long 
wavelength and the detection sensitivity increases approximately as \^.    The 
larger usable aperture discussed in Section II accounts for a X    dependence and 
the reduced quantum noise at lower frequencies accounts for a X dependence.    In 
an operating system,  this would indicate a choice of the 10.6 p. COg laser over 
the 1.06 p. Nd:YAG laser.    Bandwidths available fro» CO2 lasers are capable of 
giving range resolutions of only a foot or so while a Nd:YAG laser can give 
resolution of about a centimeter.    A mode-locked YAG laser is better suited to con- 
duct a laboratory investigation of synthetic aperture imaging techniques. 

A closed loop mode-locked laser has been fabricated for use in these experi- 
ments.    The laser head is illustrated in Fig.  11-h and the associated control 
rack is oketcaed in Fig.  II-5.    In this laser a detector is used to sample the 
output from the high reflectivity end of the Nd:YAG laser.    The component at the 
fundamental mode spacing frequency of the laser is filtered and amplified.    This 
signal is then properly phase shifted and is used to drive an intracavity Lithium 
Nibate    phase modulator.    When the phase is properly adjusted, this results in 
mode-locking of the laser and a continuous train of ~ 100 psec pulses are produced. 

United Rircrafi        .«„..«.vL—, . 
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This laser was used in the initial laboratory demonstration of an 
imaging optical radar. The system that was used is identical in concept 

to that shown in Fig. II-3 except that both the range and Doppler distri- 

bution of the received signal were measured sequentially rather than 

simultaneously as shown in the figure. The basic idea is Illustrated 

schematically in Fig. II-6. The beam emerges from the laser with hori- 

zontal polarzation. The initial x/2 plate is used to produce a small 

amount of vertical polarzation which is subsequently split off by a Glan- 

Thompson prison and serves as the local oscillator. This is then sent to 

an adjustable delay. The main beam is sent through an expanding telescope 

to illuminate the rotating target. The return beam is deflected by the 

Glan-Thompson prison, is frequency shifted by 1^0 MHZ by an acoustic modu- 

lator and is combined on a beam splitter with the local oscillator. If 

we assume that the return beam is completely polarized, then the \/k  plate 
serves to render the returning beam, vertically polarized, and it is com- 

pletely reflected at the prism interface. If there is significant depolari- 

zation, the polarized component can be measured with the \/k  plate in place 

and the depolarized component with it remove!. The heterodyne signal, con- 

taining the complete Doppler distribution for a given range element, can 

then be sent to a spectrum analyzer and the output of the analyzer used to 

modulate the intensity of a storage osci^lascope. The horizontal sweep is 

driven in synchronism with the spectrum ana^zer and provides a direct dis- 

play of the Doppler distribution at a given range. If the local oscillator 

delay and the vertical position of the trace are then scanned slowly and in 

synchronism, a complete range-Doppler map of the target is produced. 

A slightly modified version of this system is being used in the labora- 

tory experiments, and is illustrated in Fig. 11-7. The primary difference 

is that the target range is scanned rather than the dela</ of the local 

oscillator. The two arrangements are entirely equivalent. A synchronizing 

signal is derived from the rotation of the target and is used to initiate 

the scan of the spectrum at the same point in each rotation of the target 

In an actual radar system it is not necessary to have a priori knowledge ' 

of the phase or rate of the target rotation. The reason why it is necessary 

here is due to the fact that the spectrum analyzer and the range sampling 

operated sequentially. If the rang« sampling were done in parallel as indi- 

cated In Fig. II-3, then the entire image could be obtained in a small traction 

of one rotation and the changing range-Doppler map could be observed as the 
object rotated. 

The telescope used for the initial experiment consisted of a 2 expositive 

lens and a 5" diameter, 1 meter radius concave mirror that was operated slight- 

ly off axis. The target that was used consisted of an aluminum bar holding 

two retroref lectors (glass corner cubes) of 1 cm diameter separated by a vertical 

distance of 3.5 cm. The target was rotated about a horizontal axis at a rate 

II-6 
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of 0.5 rps. Typical images that could be obtained are shown in Fig. II-7. 

The spectrum was taken when the bar was at an angle of ^5° with the upper 

half receding from the transmitter. The horizontal axlj of the display is 

the Doppler axis and the vertical axis is the range axis. The upper image 

of the figure is obtained where the laser is operated in a single axial 

mode (or only a few modes). The display shows the upper reflector (receding) 

with a negative Doppler shift and the lower reflector (approaching) with a 

positive Doppler shift. The vertical line between the images corresponds to 

the axis of rotation of the target (zero Doppler shift), and is actually due 

to a small amount of feedthrough from the acoustic modulator into the spec- 

trum analyzer. As would be expected, the image is independent of range, 

since the laser is running in a single mode. The lower part of Figure II-8 

shows the result obtained where the laser is mode-locked. The targets are 

very clearly resolved in the range direction. The upper portion corresponds 

to longer range and the lower portion to nearer range. The top (receding) 
target is seen with down Doppler shift and at a greater range while the 

bottom target (approaching) is seen with up Doppler and at a closer range. 

The preliminary experiment clearly demonstrates the excellent spatial 

resolution that can be achieved with a synthetic aperture optical radar 

system. The next experiments to be undertaken with this system will involve 

imaging of more complex targets. This will involve some modifications of 

the optical train to achieve signal detection sensitivity that is close to 

the theoretical limit. The present system is limited by some aberrations 

and mouduiator inefficiencies that limit its detection sensitivity. Beyoiid 

these experiments, the alternate signal processing techniques and signal 

generating schemes that are discussed in the next section will be investigated. 

II-T 
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of 0.5 rps. Typical images that could be obtained are shown in Fig. II-7. 

The spectrum was taken when the bar was at an angle of ^5° with the upper' 

half receding from the transmitter. The horizontal axis of the display is 

the Doppler axis and the vertical axis la the range axis. The upper image 

of the figure is obtained where the laser is operated in a single axial 

mode (or only a few modes). The display shows the upper reflector (receding,) 

with a negative Doppler shift and the lower reflector (approaching) with a 

positive Doppler shift. The vertical line between the images corresponds to 

the axis of rotation of the target (zero Doppler shift), and is actually due 

to a small amount of feedthrough from the acoustic modulator Into the spec- 

trum analyzer. As would be expected, the image is independent of range, 

since the laser is running in a single mode. The lower part of Figure 11-8 

shows the result obtained where the laser is mode-locked. The targets are 

very clearly resolved in the range direction. The upper portion corresponds 

to longer range and the lower portion to nearer range. The top (receding) 
target is seen with down Doppler shift and at a greater range while the ' 

bottom target (approaching) is aeen with up Doppler and at a closer range. 

The preliminary experiment clearly demonstrates the excellent spatial 

resolution that can be achieved with a synthetic aperture optical radar 

system. The next experiments to be undertaken with this system will involve 

imaging of more complex targets. This will involve some modifications of 

the optical train to achieve signal detection sensitivity that is close to 

the theoretical limit. The present system is limited by some aberrations 

and moudulator inefficiencies that limit its detection sensitivity. Beyond 

these experiments, the alternate signal processing techniques and signal 

generating schemes that are discussed In the next section will be Investigated 
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Section III 

Additional Techniques Applicable To Imaging 

Frequency Domain Sampling 

As has been noted in Section II, the time-shifted heterodyne system is capable 
of performing the sanpling required to process the SAR signal, but it is far from 
optimum in terms of its detection sensitivity.    A fast optical switch could perform 
the sampling without loss of efficiency if such a switch could be built.    The 
sampling times of 100 picoseconds or less that are required are beyond the present 
state of the art in optical modulators.    During the course of the present contract, 
a considerable amount of attention was directed to this problem and a possible solu- 
tion to the problem has been devised.    The solution involves sampling in the freq- 
uency domain rather than in the time domain.    This is advantageous because it is 
possible to spatially or temporally separate the various frequency components of an 
optical signal using a linear,  passive optical device,  e.g., a spectrometer separates 
the frequency components spatially and a dispersive propagation path separates them 
temporally.    It is not possible to separate and measure the various time segments of 
a signal without the use of a nonlinear effect such as an electrooptic switch.    An 
extremely fast detector could be used in a heterodyne system but such detectors are 
unavt..i.lable. 

The proposed scheme measures a sampled version of the Fourier Transform of a 
complex optical signal.    If a sufficient number of samples are taken, this will 
completely characterize the optical signal.    The system depends for its operation 
on the availability of an extremely short duration optical pulse having the same 
approximate optical center frequency as the pulse to be measured.    This pulse serves 
as a local oscillator in a frequency domain multiplexed detector.    The ultimate 
effective time resolution is determined by the duration of the pulse. 

The discussion below shows in a somewhat formal way how the system operates. 
This discussion ühows the ability of the system to fully characterize an optical 
signal on an extremely fast time scale, with high detection sensitivity and without 
the need for fast detectors.    Possible  practical implementations will then be dis- 
cussed. 

Let us assume that we want to measure a received optical signal s(t).    This 
signal will be assumed to be of the type that would be obtained by illuminating an 
extended, moving target by an extra'-ely short duration optical pulse.    The signal 
will be of finite total duration, in the range of a fraction of a nanosecond to a 
few nanoseconds.    It will have a wide bandwidth in terms of electronic detectors 
(in the range of 1011 Hz).    This bandwidth is due primarily to the bandwidth of 
the original optical pulse that was transmitted, but also contains a small contri- 
bution from the doppler spread of the target.    Although the bandwidth is wide in 
terms of electronic circuit bandwidths, the relative bandwidth referred to the 
optical carrier will be small, of the order of 0.1%.    The Fourier Transform of this 
signal will be denoted by 
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B(n)   = 
-itut 

s(t) dt 

We shall also assume that there is a reference  Ise available, and that this pulse 

is a very short duration, transform limited puls 1 with the same optical center 

frequency as the received pulse (It could be a replica of the transmitted pulse). 

This pulse will be denoted by r(t) or its transform RU). These two signals are 

combined wiLn parallel wavefronts on a beam splitter. The spectrum of the composite 
signal is then 

FU) = R(tt)) ± sU) 

where the plus or minus sign is determined by the phase shift upon reflection from 

the beam splitter; both signals can be obtained from opposite sides of the beam- 

splitter. We new assume that we have a bank of N narrowband optical filters covering 

the spectral extent of F(())). The transmission of each of these filters will be 

denoted by T^,,). At the output of each filter, the spectrum is given by 

O^o,) = |RU) ± sU)] |Tn U)] 

At the output of each filter, the signal is square law detected and integrated over 
time, producing an output 

u 0 e"(t,i dt 

I RU) ± so,,) T (» ) 
n dl: 

where the last equation follows from Parseval's Formula.    Expanding, we find 

J|(R(a,)|   2    ±  [RU)S*U)  +R*(m)  SU)]   + |S((1))|   
2\ n 

1^ (»'I di 

We now assume that the spectrum of R((l)) is real and essentially constant over the 
spectral range of BU). This will be true if r(t) is a transfonn limited pulse as 
assumed and is shorter than or comparable to the duration of the original trans- 
mitted pulse. Let us denote this value by R, So 

Un = j [
R2
 * R[SU) +S*(m)\   + |S(a,)| 2\ \in  (m)| 2 

di 

In this expression, the third term will generally be negligible compared to the first 

and second; it can always be made so by a sufficiently large local oscillator signal. 
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The function Tn {m)  is a narrow "band transmission function. We choose its width 
to be sufficiently narrow so that SU) does not vary appreciably over the range in 
which |Tn (ID)| 2 is large. If we denote the center frequency of IT (u))] 2 by m   , 
then we have 

V = K
n [R * R (S ^  +S*(m) )J 

= Kn [R2 ±2R Re (S U) )J 

where 

Kn =   j  |TnU)| 2 d. 
-00 

Since signals can be obtained corresponding to either sign in the above equations, 
we can take the difference of the two to obtain 

Vn = U+- U" =2KnR Re (S U) ) 

It is straightforward to show that if an identical scheme is used but with S U) 
initially shifted by one quarter wavelength to yield S'   U) = i S (aj), the corres- 
ponding result is 

V^    =2Kn R Im (S U)   ) 

We, thus, have a scheme for sampling both the real and the imaginary parts of the 
spectrum S U).    If a sufficiently large number of samples are taken, the original 
signal S(t) can be reconstructed.    To summarize the important points involved in 
this system: 

(1) The sampling is done in the frequency domain rather than in the 
time domain.    This eliminates the problem of inefficient sampling 
in the time domain due to the necessity of splitting the signal 
in Co separate detectors. 

(2) The defection system in each channel is a heterodyne system and 
by making the local oscillator signal large enough so that its shot 
noise is the dominant source of noise, quantum noise limited operation 
can be achieved. 

(3) The system does not require fast detectors.    For detection of a 
single signal, they may be arbitrarily slow.    To detect a series 
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of pulsed signals, they must have a time response faster than the 
time "between the pulses. 

(U)    The basic operation of the system can be described simply.    What it 
does is to split the incoming signal into a number of frequency bins, 
spaced across the total spectrum of the signal.    If a local oscillator 
were available at each frtquency bin, the amplitude and phase of the 
signal in each bin could be measured.    The system provides just such 
a set of local oscillators by frequency filtering of a short duration 
pulse.    The system, thus, divides the original wide time-bandwidth 
product signal into a number of parallel channels having a unity time- 
bandwidth product. 

The operation of this type of system might be understood more clearly by a more 
concrete example.    Consider a signal consisting of & repetitive train of complex 
pulses 

n = N 

s(t)    =      £        an [cos    («Jo + "^    t+0nl 
n = -N J 

where the repetition period is 2Tr/n. Consider also a local oscillator signal con- 
sisting of a train of short pulses 

n = N 
r(t) =  X)  hn cos U + («T + nn) t 

n = -N 

Here the center frequency of the pulse train has been offset by a frequency UJ,   for 
convenience.    We shall assume that u^« Q, The Introduction of this offset will 
simplify the discussion immensely.    The composite signal is 

f(*)    =   D (an cos [ (CUQ + nn) t + 0n]  + bn cos  [((()o + ^ + i«) t] 

This signal is then subjected to the filtering operation. In its most idealized 
form, this simply selects out a range of n values; (sincetüL« ft ). We obtain 

n = 
gr(t)    =      I) |an cos  [(% + ^H +0n]  + \ cos  [UQ +u)l + r«)t]l 
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After square law detection, this signal tecomes 

n = N2       m = N 

(gN.(t))' 
^ | ancos[(a)0 + nn)t + 0n3 + bncos[u,0 + u^ + nn)t]( 

n = N,        m = N, 
j a cos[(u)o + an)t + 0m] + b COS[((ü   + (i)1 + nQ)t]} 

Since the detector does not respond at optical frequencies., we may ignoie all the sum 
frequency terms in this expression and obtain 

(g.T,(t))  2--2L. a a cos 
N'      n m  n m /(m-n) Qt + 0m-0n j + bnb cos ((m-n)üt] 

+ a ambnC0S ((m-n) Vt -  ^t + 0mj 

+ anbm
C0S f11-"1) ^ " V +0n) 

(gN.(t))
2 = E L 1^ + -4^ + T^ cos ((m-nbt - „..t +0j 

+  n m cos ((n-m)nt - u, t +0 ,. 

We now suppose that we perform an electrical filtering operation on the signal and 
look only at frequencies near the offset frequency a^.    This eliminates all terms 
except those for m = n and we obtain 

2 n = N2 
(gN.(t))filtered = J2       a^ COB („^t - 0 ) 

n = ^ n 

And since by assumption the optical filters are narrow enough so that a , b and 0 
are essentially constant, we have "  n    n 

(gNi(t))f  =  (N2 - N1) aN,bK! cos (tt^t - 0^,) 
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where a^, h^,  and ^ , represent the averager values of these quantities over the 

Thus, the output of the system is a sinusoid whose amplitude and interval N^JKN«. 

phase are simply related to the amplitude and phase of the Fourier components of the 

original signal. Although this discussion has been concerned only with a truly peri- 

odic train of pulses, it is clear that if the characteristics of the pulses change 
slowly compared to m ,  it will he tine that 

(M*))* = (Nc V N .(t) br COS (u^t - 0  (t)) 

The relevant information, a , •Nt 
and 0Nf 

can 'be extracted by means of a pair of quad- 
The system is really quite a bit more general than the simplified rature detectors 

description. Note that we have not used the fact that the local oscillator is a 

short pulse, only the fact that its Fourier components are constant over the width 
of the filter and that they are known quantities. 

A summary of the signal processing involved in this second example is shown in 
Fig. III-l. 

Some remarks now should be made about the number of filters required and the 

bandwidth of the filters. Let us assume that the time duration of the received 

signal from a. single transmitted pulse is T. To reconstruct a strictly periodic 

version of this signal, we would have to construct a Fourier series consisting of 

frequency components separated by f = l/T. With such a series, we can reconstruct 

an arbitrary function with this periodicity. Since each component has a real and a 

quadrature component, we are actually specifying 2 FT frequency components in an 

interval F. This should be compared with the familiar result from time sampling 

theory where it is known that it is necessary to sample a signal at time intervals 

of t = 1/2F where F is the highest frequency component in the signal and are, thus, 

also specifying 2 FT components in a time interval T. Thus, for a duration T of 1 

nanosecond, the filters should be spaced by 109 Hz, for 10 nanoseconds by 10° Hz. 

The bandwidth of the individual filters determines the response time of the 

system. Clearly, the bandwidth should not exceed the spacing of the filters as this 

will simply lead to "crosstalk" between them, with the same information appearing on 

more than one filter. The bandwidth should not be less than the heterodyne offset 

signal or all information will be lost. Between these limits, the bandwidth determines 

how fast the system can respond to changing pulse characteristics. There are a number 

of possible ways to realize the bank of narrowband optical filters required for the 

frequency domain sampling system. The optimum choice is, as yet, unaetemined and 

the evaluation of possible realizations would be part of the proposed amendment. 

The narrow bandwidths required may readily be achieved by commercially available 

Fabry-Perot interferometers. A simple means for realizing the filter bank is shown 

in Fig. III-2. Here beam splitting prisms and waveplates are used to distribute the 

signal to a bank of Fabry-Perot filters spread across the spectrum of the incoming 

signal. While simple in principle, this system would be quite expensive to implement 

experimentally. Another means is shown in Fig. 111-3. Here the incident beam is 
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caused to reflect back and forth between tvo inclined etalons.    At each reflection  ■ 
the_angle of the beam changes so that upon the next pass,  the transmission of the  ' 
etaxon is shifted in frequency.    The resulting frequency filtered components of the 
signal emerge from both sides  of the device and are dispersed in space and angle. 
This  is far simpler than the system of Fig.    III-2 but for the parameters of the SAP 
imaging system it suffers  from a valkoff problem.    The required frequency filtering 
could also be obtained by a diffraction grating as shovn in Fig.    111-4      In the 
configuration illustrated,  a double pass is used to double the dispersion.    This  is 
probably the most practical system,  although it requires the use of a fairly larKe 
and good quality grating to achieve the desired-bandwidth of the filters      Other 
schemes are possible and would be Investigated under the proposed amendment. 

For a feasibility demonstration of the frequency domain sampling technique 
the system shown in Fig.     III-1 vill be used.    The target will be chosen to produce 
a known repetitive return signal.    One channel will be used and the filter would be 

JoZTl      VrT ""^    ^ ^^^ freqUenCy Wil1 be Z™^ —ed to produce the output Irom the various  frequency elements  sequentially in time rather 
than in parallel      These will be recorded and used to synthesize the return signal. 
At the present time,  the appropriate filters, amplifiers and balanced mixers tLt 
are necessary to realize this system are being fabricated. 

FABRY PEROr MODULATOR 

In 1963, E. J. Gorden and J. D. Rigdon (Ref.  Jii-i) proposed a modulator con 

Tlr f*™^**** etalon with an internal phase modulator that Is liven 

at'    f'S^T07 0f the etal0n-    Kleir ana*8ia showed ^at this ^vicTlould 
*Ref   TTT IT:      ^^ 0PtiCal SWitCh-    Recent1^ Kobayaahi. Sueta, ^1^ ^tsuo 
(Ref.  111-2) demonstrated the use of such a modulator to generate trains of P^o 

::r rs1 T:fTahbeiiTneoniaser- ^^L^i^^l^T 
lZTat.a<*% ^ be Sh0Wn by a simPle derivation that the effective 
transmission of a synchronously modulated Fabry-Perot  interferometer is given by 

|l + Fsin2  [(v.Vo) n/^ + A9 Bia(mb)1l  -1 max 

where 

-2 
^nax = T2T3 exp(-26)  [1 - V2V3 exp(-26)] 

F       = hr2r3 exp(-26)  [1 - r2r3 exp(-26)]"2 

Af      = C/2J! 

Ae      = depth of phase modulation 
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The quantities appearing in these expressions are: 

r2'T3 = niagnitudes of the amplitude reflectances of mirrors 2 and 3 

T2,T    = magnitudes of the power transmittancles of mirrors 2 and 3 

exp (-6) = one way transmission tlirough the phase modulator 

f       = mode spacing of the interferometer 

%      = modulation frequency = 2rr Af 

v0 = nAf = resonant frequency of interferometer 

v       = applied optical frequency 

The transmission of this Fahry-Perot filter is exactly the same as that of a conven- 
tional filter without the modulator except that the transmission is scanned back and 
forth in frequency at the modulation frequency UJ^. For a high finesse, the trans- 
mission of the filter is sharp and, because of the high scanning frequency, the filter 
acts as an extremely fast, repetitive shutter. The seemingly anomalous result that 
the effective transmission can be varied in a time short compared to the energy 
storage time of the filter is a result of the synchronous driving of the modulator. 
The modulator can thus produce an extremely short train of pulses. The time required 
to change the shape or anqplitude of the transmitted pulses is, of course, related to 
the energy storage time of the interferometer which, for a high finesse, is long 
compared to the pulse repetitior time. The device is not really a fast modulator, 
but rather a device to produce a repetitive series of very short pulses. It is shown 
in Ref. III-2 that if the Fabry-Perot interferometer is driven by a cw signal at 
v = v0, the width of the pulses transmitted is given by 

AT = (i%/2/FAe) -1 

The significant point about this expression is that the pulse width is independent   . 
of the laser line width.    Mode locking of a homogeneously broadened laser produces 
a pulse duration that is proportional to (^ u^)-1/2 where u^ is the modulation 
frequency and m^ the laser line width. 

When operated with a homogeneously broadened gas laser such as the helium neon 
laser, this modulator has another very useful property, that of mode selection.    The 
time averaged reflectivity is a function of the depth of modulation A3.    For 0*^^/2 
the reflectivity has a maximum at v = (2n + l)/2 VQ, i.e., halfway between the reao-  ' 
nances of the Fabry-Perot.    For TT/2 <A9<rT, the reflectivity has a maximum at v - nv 

i.e., coincident with tne resonances of the Fabry-Perot.    This is the desired frequency 
of operation to produce a uniform, periodic train of pulses.    For the helium neon 
laser, this frequency dependent reflectivity was sufficient to cause the laser to 
operate at a single frequency.    The authors of Ref. III-2 used a value A9 • n/2 which 
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